INTRODUCTION 44 45
Many common tasks requiring tools such as chiseling or drilling are unstable. 46
This instability amplifies the effects of motor noise (Hamilton et al. 2004; Harris 47
If impedance control uses similar neural structures as learning stable dynamics, it 88 should be possible to independently control limb stiffness across the workspace. 89
To examine this hypothesis, subjects reached to two different targets with 90 instability applied orthogonally to each trajectory (lateral instability). We 91 examined whether endpoint stiffness adaptation occurred in the same manner 92
whether subjects moved to a single target with one direction of instability or 93 randomly to one of two targets, each with its own instability direction. If only a 94 single co-contraction model is learned, then the stiffness in the multiple 95 movement direction condition would not be optimal for both directions. However, 96 if the impedance controller can learn a single model generalizing across the 97 workspace or switches between multiple models for each direction of movement, 98 then subjects may learn the optimal stiffness for adaptation to each direction. 99 100 101
MATERIALS AND METHODS 102 103

Simulation of general and selective endpoint stiffness. 104
Simulations were performed to examine how the CNS may adapt endpoint 105 stiffness of the arm when lateral instability is applied on the hand, during planar 106 movements in different directions (Fig. 1A) . The simulated task (identical to the 107 experimental task) consisted of performing two 25 cm long point-to-point 108 movements: from (0, 31) cm relative to the shoulder to (0, 56) cm for the D1 109 movement and from the same start to (14, 52) cm for the D2 movement (which is 110 separated from D1 by 35° clockwise). The simulations explored possible 111 strategies for the CNS to move successfully in the lateral instability caused by a 112 divergent force field (DF), orthogonal to the movement trajectory (Fig 1A) , 113 defined by: 114
where F ⊥ and F  indicate the force components normal and parallel to the 116 straight line from start to end points respectively, ζ = 300 N/m, and x ⊥ is the 117 lateral deviation of the hand from this straight line. The endpoint stiffness 118 necessary to compensate for this instability was simulated at the middle of the 119 movement. 120
121
A simplified version of the muscle limb model from (Selen et al. 2009 ) was used 122 to predict both the baseline null field (NF) stiffness and theoretical adaptations to 123 the instability. The force attributed to each muscle (F m ) was solved for such that 124 the minimal summed muscle activation was produced that could both result in the 125 required endpoint force and sufficient endpoint stiffness in the direction 126 perpendicular to the movement direction. Six muscles were simulated: two single 127 joint shoulder muscles, two single joint elbow muscles and two biarticular 128 muscles. Muscle forces were required to produce the joint torques (T) which 129 created the appropriate endpoint forces F for each direction of movement: 130
where J is the Jacobian matrix of the limb configuration, D is a 6 x 2 matrix of the 132 moment arms of the muscles around the shoulder and elbow joints. The endpoint 133 stiffness (K) for a given muscle activation pattern was found using: 134 ( ) ( )
successful trials was achieved in each direction. For example, in the first phase, 268 subjects had to produce 20 successful D1 trials and 20 successful D2 trials. 269
270
The method for the stiffness estimation is described in (Burdet et al. 2000) . 271
Briefly, subjects first completed 20 successful trials in whichever force field was 272 being tested. After this, half of the additional trials were randomly selected for 273 stiffness estimation. On each of these trials, a 300 ms displacement was applied 274 near the midpoint of the movement in one of eight equally spaced directions, 275 encompassing the full 360°. The displacement consisted of a smooth 100ms 276 ramp-up, 100 ms hold, and a smooth 100 ms ramp-down segment. 277
278
This study was performed by constraining the wrist for each subject, which was 279 necessary to allow endpoint Cartesian stiffness measurement. However, during 280 normal object manipulation, humans are free to change the wrist or limb posture 281 depending on the task, another method that the sensorimotor control system 282 could use to adapt to the environment and one which may be of importance 283 during tool manipulation. However, the focus of this work is not to explain tool-284 use, but instead to investigate the mechanisms available to the sensorimotor 285 control system. 286
287
Data Analysis. 288
The hand path error (Osu et al. 2003 
was used to examine learning, where x ⊥ is the perpendicular component of the 291 deviation to the straight line from the start to the target, and x   is the parallel 292 velocity component. The hand-path error is the area between the realized path 293 and the straight line from start to target. It was calculated from time 0 (75 ms 294 before crossing a hand-velocity threshold of 0.05 ms and magnitude of the force changes. This means that the NF stiffness will be 319 different for different directions of movement. In order to examine any differences 320 in the endpoint force after adaptation to the force fields, the end-point force was 321 measured using the first 10 successful trials in the stiffness measurement 322 session. The mean force in the middle of each unperturbed movement 323 corresponding to the time of stiffness estimate (80 ms) was obtained for each 324 trial to see if subjects changed the endpoint force as a mechanism to adapt to the 325 divergent force field. 326
Stiffness was computed using the perturbed trials. The average force and 328 displacement measured during the final 80 ms of the hold period were used to 329 estimate the endpoint stiffness matrix K: 330
The mean changes in the endpoint force in displacement, in the normal and 332
Δ and x Δ  relative to the unperturbed trials, 333 were used to estimate the components 334
using a least square fit of equation [5] . For instance, K ⊥ is the stiffness in the 336 normal direction due to a hand displacement in the parallel direction. Endpoint possible that the CNS might be able to selectively co-contract muscles pairs to 366 tune impedance to the environment instability for every movement direction (solid 367 lines in Fig.1B,C) . This strategy provides optimal adaptation to the instability but 368 requires that the brain is able to learn independent muscle strategies for each 369 movement direction and switch between them. 370 371
Learning is not affected by the order of learned movements 372
Results were first analyzed for the two groups separately, where the subjects 373 from Group I started by training with D1 on Day1 and then with D2 on Day2, and 374 conversely for the subjects of Group II. However, statistical analysis showed that 375 subjects from the two groups performed similarly in the same direction on Day1 376 and Day2, and that they also performed similarly on Day3. An ANOVA showed 377 that there was no main effect of group for hand-path error (F 1,192 these results, we determined that both groups of subjects adapted in the same 384 manner to the force fields. Therefore, data from both groups were collapsed 385 together and the following analysis presents the results across all subjects in 386 both groups. 387 388
Evidence and characteristics of learning 389
In both D1 and D2 directions, initial hand trajectories in the divergent field 390 deviated to either side of the straight line joining start and end targets (Fig. 2 A-391 C), often exiting the safety zone. However, with repeated trials, trajectories 392 became straighter and similar to those in the null-field. Hand-path error, 393
representing the area between hand movement and the straight-line between 394 start and target points, was examined during repeated trials in NF and DF. The 395 mean error over the subjects decreased as subjects continued to experience the 396 DF (Fig. 2 D,E) , as shown by the significant decrease of mean error between the 397 first five and last five trials in both directions and on every day (F 1,9 =33.670; 398 p<0.001). This shows that there was learning on every day and in both D1 and 399 D2, which was corroborated by a large improvement of the success rate, i.e. the 400 moving average of success in ten consecutive trials (F 1,9 =55.561; p<0.001). 401 402 Subjects were required to produce 100 successful movements in each direction 403 and on each day during the learning session. The average ± SD number of trials 404 performed by subject was 197±44 when learning the DF in D1 only, and 151±25 405 trials when learning in D2 only. On Day3, when both directions of movements 406 were made, 174±38 and 136±20 trials were required in D1 and D2, respectively. 407
This suggests that movements were easier in the D2 direction and that learning 408 in the two single directions on Day1 and Day2 facilitated performance in these 409 directions on Day3. These two observations were confirmed by ANOVA of the 410 hand-path error. The two movements D1 and D2 were characterized by different 411 levels of error in the five initial (F 1,9 =19.911; p=0.002) movements. Furthermore, 412 for a given direction, the error level in five initial trials was different between 413 single and multiple directions learning (F 1,9 =6.067; p=0.036), showing that 414 subjects retained learning from the first two days going into the third day of the 415
experiment. 416
However, these differences were not found after learning. The difference in 418 handpath error in the two movements D1 and D2 in the last five trials was not 419 statistically significant (F 1,9 =4.114; p=0.073). Moreover, the error level in the last 420
Endpoint force 427
The endpoint force applied by the subjects in the movements was analyzed in 428 order to determine if changes in the endpoint force could be responsible for 429 changes in the measured stiffness of the limb. The mean endpoint force was 430 calculated over the interval in the middle of the movement where stiffness was 431 estimated in the NF and DF for each subject (Figure 3 ). Similar levels of endpoint 432 force were produced in the divergent field as was produced in the null field. Using 433 the first 10 unperturbed trials during stiffness measurement, an ANOVA showed 434 that there was no main effect of force field on the force applied by the subject in 435
either the x-(F 1,9 =0.116; p=0.742) or y-axis (F 1,9 =0.626; p=0.449). This indicates 436 that any change in the endpoint stiffness which was produced during adaptation 437 to the DF was not due to a change in the endpoint force. This finding was also 438 supported by the reduction in handpath error after learning, indicating that 439 subjects make fairly straight movements which would then have little change in 440 endpoint force compared to the null field movements. 441
442
Endpoint stiffness adaptation 443
In order to examine how subjects adapted the impedance of their limb to the 444 instability produced by the DF, endpoint stiffness was estimated mid-movement 445 by displacing the hand relative to a prediction of the trajectory, and measuring 446 the restoring force (Burdet et al. 2000) . Figure 4 visualizes endpoint stiffnessgeometry through stiffness ellipses, averaged across subjects, in NF and DF for 448 both the D1 and D2 movement directions. In both cases, the stiffness ellipses 449 after adaptation to the DF are elongated primarily orthogonal to the movement 450 direction, along the direction of instability. 451
452
Differences across the conditions were examined by testing the geometric 453 characteristics of the stiffness ellipse. The shape of stiffness ellipse, i.e. the ratio 454 of smaller to larger singular value, was not significantly different in DF than in NF 455 (F 1,9 =4.147; p=0.072) (Fig.4B) . The size of the ellipse (proportional to the product 456 of the singular values) was significantly larger in DF than in NF across both 457 movement directions (F 1,9 =24.924; p<0.001) (Fig.4C) . The orientation was not 458 found to be significantly different between the NF and the DF (F 1,9 =0.701; 459 p=0.424) (Fig.4D) . However, the orientation of the stiffness ellipses in the DF 460 were significantly different in the two directions of movement D1 and D2 461 (F 1,9 =86.804; p<0.001), and tended to align with the direction of instability. Most 462 critically, none of these features were significantly different between single-or 463 multi-direction learning (Shape: F 1,9 =2.992; p=0.118, Size: F 1,9 =0.450; p=0.519, 464
Orientation: F 1,9 =2.475; p=0.150), indicating that similar changes occurred for 465 adaptation to instability in either a single direction of movement or multiple 466 directions of movement. 467
468
To further investigate the changes in endpoint stiffness that occurred during the 469 adaptation to environmental instability, changes in each component of the 470 endpoint stiffness matrix were examined (Fig.5) . In movement direction D1 (Fig  471   5A ), the DF stiffness was significantly increased relative to the NF stiffness in 472 K ⊥⊥ (F 1,9 =108.649; p<0.001), but no significant differences were found between 473 DF and NF stiffness for any of the other three terms of the stiffness matrix ( K ⊥ : 474 F 1,9 =0.752, p=0.408) ( K ⊥  : F 1,9 =2.251, p=0.168) ( K  : F 1,9 =1.182, p=0.305). For 475 all four terms of the stiffness matrix, no significant main effect was found between 476 single or multi-direction learning (F 1,9 ≤2.825; p≥0.127). In movement direction D2 (Fig 5B) , there were significant increases in the DF stiffness compared to the NF 478 stiffness both for the K ⊥⊥ (F 1,9 =197.738; p<0.001) and K ⊥ (F 1,9 =7.136, p=0.026) 479 elements. However no significant difference was found in the other two elements 480 of the stiffness matrix ( K ⊥  : F 1,9 =0.717, p=0.419) ( K  : F 1,9 =2.192, p=0.173). No 481 significant difference was found between single and multi-direction learning 482 (F 1,9 ≤1.768; p≥0.216) except for K  (F 1,9 =13.479, p=0.005). However in this case, 483 the decrease in stiffness for the multi-direction learning was present in both the 484 NF and DF conditions (no significant interaction effect between the field and 485 number of movements learned (F 1,9 =0.139, p=0.718)). The relative changes in 486 endpoint stiffness after adaptation that occurs in all components of the stiffness 487 matrix were examined (Fig 5C) . Overall, the largest increase in stiffness in the 488 However, in movement direction D2, the net stiffness K ⊥⊥ in the DF was 498 significantly smaller than that in the NF (F 1,9 =44.233; p<0.001). This may be 499 related to the significant increase found in the K ⊥ component after adaptation to 500 the force field in this direction which also contributes to stabilize the limb-501 environment interaction. 502 503
Joint stiffness adaptation 504
Joint stiffness was computed from endpoint stiffness to examine the contribution 505 of different muscle pairs. The contributions of muscle pairs to each element of 506 the joint stiffness matrix can be seen in (McIntyre et al. 1996) . In particular, thesingle joint shoulder and elbow muscles only influence the diagonal components, 508 whereas the biarticular muscles influence all four components of the matrix. In 509 direction D1 (Fig 6A) , we found significant increases in all components of the 510 joint stiffness matrix (R ss : F 1,9 =92.156; p<0.001) (R se : F 1,9 =82.949; p<0.001) (R es : 511 F 1,9 =64.395; p<0.001) (R ee : F 1,9 =46.135; p<0.001) but no significant effect of 512 single or multiple directions of movement for any of the four terms (F 1,9 ≤4.362; 513 p≥0.066). In direction D2 (Fig 6B) , we found significant increases in three of the 514 components of the joint stiffness matrix (R ss : F 1,9 =136.457; p<0.001) (R se : 515 F 1,9 =19.323; p=0.002) (R es : F 1,9 =18.833; p=0.002). However there was no 516 significant change in the elbow joint stiffness (R ee : F 1,9 =1.487; p=0.254) 517
suggesting that the adaptation in the two directions of movement was produced 518 by different patterns of joint stiffness. Again in D2, there was no significant effect 519 of single or multiple directions of movement for any of the four terms (F 1,9 ≤5.030; 520
p≥0.052). 521 522
The results of the joint stiffness suggested that two different strategies were used 523 to adapt to instability in the two different directions of movement. In D1, the 524 biarticular muscles may have been predominately utilized, resulting in increases 525 across all four components of the joint stiffness matrix. In contrast, in movement 526 D2, the increase was mainly found in the shoulder joint stiffness, suggesting that 527 most of the adaptation was produced by co-contraction of the shoulder joint 528 muscles (although some contribution of biarticular muscles would be required in 529 order to increase the cross joint terms of the stiffness matrix). In order to test the 530 theory that different patterns of joint stiffness were produced in each of the two 531 movement directions, the ratios of the change in shoulder stiffness relative to that 532 of the cross-joint stiffness and elbow stiffness were examined (Fig 6C) . The ratio 533 of the change in shoulder (R ss ) to elbow (R ee ) stiffness was larger in D2 than in 534 D1 (F 1,9 =5.889; p=0.038). This would suggest that there was a larger contribution 535 to the limb stiffness produced by shoulder joint muscles than by elbow joint 536 muscles in D2 compared to D1. Similarly the ratio of the change in shoulder 537 stiffness (R ss ) to cross joint stiffness (R es & R se ) was much larger in D2 than D1 538 (F 1,9 =8.933l; p=0.015). This suggests that there was a larger contribution to the 539 limb stiffness produced by single shoulder joint muscles than by double joint 540 muscles in D2 compared to D1. Importantly, there was no significant difference 541 between learning a single-direction of movement and learning multiple directions 542 of movement for either the shoulder to elbow ratio (F 1,9 =0.652; p=0.440) or 543 shoulder to cross joint ratio (F 1,9 =0.930; p=0.360 ). These results demonstrate 544 that adaptation to the instability in each of the two directions of movement was 545 produced by different changes in the joint stiffness, independently controlled for 546 each movement direction. Moreover, these differences in the method of 547 adaptation for each movement direction were not changed by performing multiple 548 directions of movement. The initial learning in each direction was performed on two consecutive days with 566 a counterbalanced order of the two target directions between two groups of 567 subjects. This was followed on the third day by performing movement to both 568 targets randomly intermixed. The results showed that the two groups learnedsimilarly for each direction, although movements were performed on the first day 570 for one group and on the second day for the other group. This suggests that 571 learning to compensate for the instability in one direction neither helped nor 572 
Shadmehr 2000). 589 590
On the other hand, training in the two directions on the first two days resulted in 591 better initial performance in both directions on the third day. Although only the 592 generalization from single directions to multiple directions of movement were 593 examined, these findings suggest that learning to compensate for instability in a 594 movement was retained to some degree and could be used to successfully 595 perform this movement on later days. Furthermore the subjects were able to 596 make the synthesis of these two different force field models so as to successfully 597 switch from one movement to the next using the suitable control. Not only was 598 there no evidence of interference between the two movements, but the subjectswere able to combine the two learned movements in an efficient, movement 600 specific manner. learn. Instead subjects might be required to globally co-contract their arm 620 muscles to produce enough stiffness to compensate for both directions of 621 movement. This would have produced an increase in all four terms of the 622 endpoint stiffness matrices which was not found. Instead the major increase in 623 the endpoint stiffness was produced along the direction of instability. The second 624 model proposed that subjects would still be able to learn the optimal endpoint 625 stiffness of the limb, reducing the metabolic cost, but that only a single model of 626 the required impedance could be learned. This would mean that the same 627 change in joint stiffness and muscle activity would be produced in both directions 628 of movement. The results clearly demonstrated that movements in each direction 629 in the DF were associated with significantly different changes in joint stiffnessand muscle activity. Therefore this model is also demonstrated to be incorrect. 
